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1. Sumário 
1.  Sumário 
 
Um catalisador de um complexo ferroso é estudado para analisar o seu potencial em 
catálise homogénea, desenvolvido previamente pelo grupo de investigação de catálise. Neste 
contexto, o complexo ferroso trans-[Fe(NCCN)Me(MeCN)2](PF6)2, complexo 1, é aplicado para 
testar o seu efeito catalítico na criação de fenol a partir de benzeno, numa reação de 
hidroxilação usando H2O2 aquoso como agente oxidativo. Numa segunda fase, o complexo 
trans-[Fe(NCCN)Me(MeCN)2](PF6)2 é testado novamente numa reação de epoxidação com cis-
cicloocteno na presença de um agente oxidativo gasoso, o oxigénio molecular.  
As reações de hidroxilação com o complexo 1 foram realizadas com variação de mol% 
do catalisador, equiv. H2O2, temperatura (-10 °C, 0 °C, temperatura ambiente e 50 °C) e 
estudos cinéticos (30 segundos a dois dias). As experiências mostraram boa reprodutibilidade. 
As experiências iniciais com mol% de catalisador apresentaram uma conversão e rendimento 
maiores com 2 mol%, com uma variação pequena para 1 mol%. As experiências com agente 
oxidativo tiveram a sua maior conversão para 100 equiv. a 1 mol% de catalisador e os 
rendimentos aumentam com os equiv. usados e com mol% de catalisador. As maiores 
temperaturas (50 ºC) apresentaram os maiores rendimentos e os estudos cinéticos que a 
reação estabiliza ao fim de 30 minutos. O catalisador mostra uma interação limitada com o 
benzeno mas acordante com a literatura existente. A epoxidação do cis-cicloocteno com 
oxigénio molecular sobre pressão e altas temperaturas também é aqui reportada sem 
transformação para o epóxido desejado. 
 
Palavras-chave: catalisador ferroso, hidroxilação, oxidação, catálise homogénea, benzeno.  
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2. Abstract 
2.  Abstract 
 
An iron complex catalyst is studied to analyse its potential in homogeneous catalysis, 
developed previously by the catalysis research group. In this context, the iron complex trans-
[Fe(NCCN)Me(MeCN)2](PF6)2, complex 1, is applied to test its catalytic effect in the formation 
of phenol from benzene in a hydroxylation reaction using aqueous H2O2 as the oxidizing agent. 
In a second stage, the complex trans-[Fe(NCCN)Me(MeCN)2](PF6)2 is tested again in an 
epoxidation reaction with cis-cyclooctene in the presence of a gaseous oxidizing agent, 
molecular oxygen.   
The hydroxylation reactions with complex 1 where accomplished with mol% variation 
of the catalyst, equivalents of H2O2, temperature (-10 °C, 0 °C, rt and 50 °C) and with kinetic 
studies (30 seconds up to two days). The experiments showed good reproducibility. The initial 
experiments with mol% of catalyst showed greater conversion (11.41%) and yield (5.92%) at 2 
mol%, with little difference to 1 mol%. The oxidizing agent experiments had its higher 
conversion for 100 equivalents at 1 mol% catalyst and the yields increased with equivalents 
used and mol% of catalyst. The highest temperatures (50 ºC) revealed bigger yields and the 
kinetic studies showed that the reaction stabilizes after 30 minutes. The catalyst shows a 
limited interaction with benzene but in agreement with the existing literature. The 
epoxidation of cis-cyclooctene with molecular oxygen under pressure and high temperatures 
is also reported with no transformation to the desired epoxide.  
 
Key words: Iron catalyst, hydroxylation, oxidation, homogeneous catalysis, benzene.  
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4. List of abbreviations 
4. List of abbreviations 
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5. Introduction 1 
5. Introduction 
5.1 Placement and Presentation of Project 
 
Catalysis is a critical part in the majority of industrial processes in chemical industry. 
To optimize the catalytic performance catalysis is in constant research. This research does 
not only involve improvement of older catalysts and ways to increase the product 
manufacture by altering reaction conditions, but also the creation of new paths. These new 
paths could conceivably involve organometallic catalysis and nature inspired transition metal 
catalysts, which are part of this thesis. This field is still relatively recent compared to the 
larger time frame of Chemical Industry, but it is a promising field.  
In this context, a series of new iron complexes was developed under the supervision of 
the research team of the Catalysis Research Centre in the Department of Chemistry at 
Technische Universität München (TUM). One of these new complexes is the main object of 
study in this thesis, more precisely its behaviour with certain organic compounds. 
5.2 Presentation of the institution 
The practical part of this thesis, as well as the coordination and writing of the script 
were accomplished at Technische Universität München, ranked regularly as one of Europe’s 
top universities. It is an institution with links to many corporations and scientific institutions 
across the world. It was one of the first universities in Germany to be named a University of 
Excellence. 
5.3 Labour Contributions 
This work was useful to the Catalysis Research Centre since the catalyst developed by 
the research time had not yet been intensively studied. The experimental work tested the 
action of the catalyst in C-H bonds. Benzene was the principal reactant of the major part of 
the experimental work due to results in previous research, as well as being a very important 
industrial precursor.  
5.4 Organization of thesis 
This thesis begins with a theoretical introduction as a basis for the experimental work 
and the later withdrawing of conclusions. This theory was necessary to understand the 
compounds used, the reaction conditions, the catalyst - its structure and conformation - as 
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5. Introduction 2 
well as providing a placement and justification for the experiments that consist of the results 
in this thesis. It is also necessary to place this work within other similar experimental work 
within the field and to provide a view of the literature published related to the subject. The 
Context and State Of the Art provides a view of what kind of work was done in the area and is 
in development in this day and age.  
The main part of the body is composed by the investigation results and their respective 
discussion. This includes the first and longer stage of the project, in which the main reaction 
studied was the conversion of benzene to phenol, and secondly the epoxidation of cis-
cyclooctene in the presence of a gaseous oxidizing agent, molecular oxygen. The first stage 
contains the outcome values of the reaction in the presence of different amounts of the iron 
catalyst, quantity of oxidizing agent, time dependent experiments, varying reaction 
temperatures, and different mismatch of some of these parameters. These variations were 
made to study the influence of reaction parameters in catalytic activity. In the second stage 
of the work, temperature and pressures were varied to study the catalytic behaviour with the 
gaseous phase and amount of the desired epoxidation product.  
After the main body, the conclusion was written, discussing the original objectives and 
final results, summarized in a critical evaluation of the work accomplished in the designated 
time. Other accomplishments, such as the management of the GC-FID, cryostat and 
experimental catalysis as additional practices learned, are also described. 
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6. Theoretical Introduction 
 
6.1 General scope of catalysis in chemical industry 
 
Oxidation chemistry is part of the chemical industry, and the industrial relevance of 
oxidation processes varies from the production of intermediates to disposing of unwanted 
compounds. There are many processes used in chemical industry that apply oxidation in the 
production of the desired product, in a presence of a catalyst. Some important examples in 
the oxidation chemistry are the production of sulphuric and nitric acid, ethylene oxide and 
oxidation of carbon monoxide.  
Sulphuric acid can be prepared through two methods, Contact Phase or Lead Chamber 
Process. Currently, sulphuric acid is only produced by Contact Phase worldwide. In this 
process, sulphuric acid is produced by an oxidizing process from sulphur compounds. The 
contact process can be summarized into three phases. Sulphur dioxide is produced by burning 
sulphur or by heating sulphide ores. It then reacts to produce sulphur trioxide. As the sulphur 
trioxide can’t safely react with water to produce sulphuric acid, it is firstly dissolved in 
concentrated sulphuric acid and then made to react with water to produce the final 
concentrated compound. This is a heterogeneous process due to the fact that the catalyst is 
solid and the reactants are in the liquid phase [1].  
Ethylene oxide (or epoxyethane) is produced by oxidation of ethylene in the presence of 
a silver catalyst, and is an intermediate for uncountable products and chemicals. [2] The first 
production process was developed by BASF, the Chlorohydrin Process, involving the reaction 
of ethylene with hypochlorous acid. Later a new method was developed by direct catalytic 
oxidation of ethylene, which is the currently used method [2, 3]. The oxidation is divided into 
two processes, the air based method or the oxygen based method. The most recent plants 
built are mainly designed for the oxygen based method [3]. The main by-products of the 
oxidation of ethylene are water and carbon dioxide. The reaction occurs in the presence of a 
metal-silver catalyst (the typical used metal is Alumina) that is of great significance to the 
process.  
The oxidation of carbon monoxide to carbon dioxide is made in order to control the 
exhaust gaseous emissions of the transport industry and in the treatment of air pollution. This 
oxidation process was first accomplished with the assist of a platinum catalyst [4] but for the 
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last fifty years an intense research has been done, resulting in an unexpected number of 
publications on metal catalysts. The development of catalytic converters was responsible for 
this movement, associated with the fact that the price of noble metals is consistently 
increasing [5].  
Another familiar oxidation in the chemical industry is the oxidation of ammonia to 
nitric acid, known as the Ostwald process. The acid is then used in the manufacture of 
fertilizers, nitration of organic compounds and other ample purposes. In this process, 
ammonia is oxidized with the help of a noble metal catalyst. The produced compound then 
reacts with water to form nitric acid [6]. The industrial production of phenol from benzene, 
the major reaction studied in this thesis, will be later described in the subchapter of 
hydroxylation reactions. 
All of these important reactions to chemical industry are oxidation reactions that 
require the presence of a catalyst. Catalysts are vital components in these industrial chemical 
reactions, as they provide an alternative for a more energy efficient path in the activation of 
molecular bonds by lowering the activation energy required. The catalyst increases the rate 
at which a chemical system reaches its equilibrium and participates in the reaction, but it is 
not itself consumed. Although, in theory, a catalyst should always be active, it has a certain 
lifetime in which it will catalyse the reaction until its efficiency starts to diminish steadily 
and is no longer of use. The common factor to catalysts is that immediately after they have 
catalysed a reaction, they are able to catalyse another (turnover) [7, 8].  
There are two varieties of catalysis: homogeneous, where the components are 
completely soluble in the reaction medium, and heterogeneous, which has at least two phases 
[8]. Heterogeneous catalysts aren’t soluble in the mean of the occurring reaction, and 
therefore reactions involving gaseous or liquid reagents occur at the surface of the given 
catalyst. The form is solid, often a metal or a metal oxide in a fixed bed and usually does not 
require a solvent. Homogeneous catalysts, on the contrary, are dissolved in the reaction 
medium and all catalytic sites are accessible to the reaction. It typically involves a solvent 
[7]. Soluble catalysts are widely applied in several processes of chemical industry, helping to 
produce millions of tons of chemicals each year, and have an important part in many natural 
processes [9]. Therefore the investigation of homogeneous reactions is of utmost importance 
[10]. Homogeneous catalyst are mainly metal complexes, consisting of a metal centre 
surrounded by a set of organic ligands that impart solubility and stability to the metal 
complex. Despite this, the oxidation processes described previously all work with 
heterogeneous catalysts and this is the favoured norm in most processes in chemical industry 
[7].  
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Heterogeneous catalysts have a higher stability at high temperatures and easy 
recyclability, whereas homogeneous catalysts often decompose at these temperatures or 
lower and can be very difficult to recycle. The major advantages of homogeneous catalysis 
are its availability of sites for the reaction to occur and its selectivity. This last parameter 
can be tuned, contrasting with the poor selectivity heterogeneous catalysts in some 
reactions, due to the availability of catalysts sites being constringed to surface atoms. For 
most of chemical production tough, the selectivity of heterogeneous catalysts is often very 
high, and regardless of the selectivity advantage of homogeneous catalysts in some processes, 
most industrial processes use heterogeneous catalysts. This is due to their ease in separation 
from the final desired product and because in general, they are significantly cheaper than 
homogenous catalysts, that often have quite expensive organic ligands [7]. Also, 
homogeneous catalysts used in major industrial processes are also made with rare metals, 
such as platinum or ruthenium [11]. However, this choice can be altered if the typical 
heterogeneous catalyst, which uses noble metals, becomes too expensive or pollutant to 
consider.  
In summary, heterogeneous catalysts are usually applied in base chemical production 
(large processes, but low value added), while homogeneous catalysts are used for fine 
chemical production (small amounts, but very high value added). Homogeneous catalysts with 
non-precious metals can be a new alternative to industrial processes and more particularly to 
the types of oxidation processes already mentioned that are practiced in industry. The added 
bonus of homogeneous catalytic systems with transition metals is that they often use milder 
conditions than their heterogeneous equivalents. This is causing them to become 
progressively more important at a stage when chemical industry and society in general search 
for energy saving pathways and available natural resources [9].  
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6.2 Iron in homogeneous oxidation catalysis 
 
The selective oxidation of organic molecules is very important to life, immensely 
useful in industry and of fundamental importance in future development. The transformation 
of saturated, aromatic, olefinic and acetylenic hydrocarbons is then an important field in 
chemical applications and the study of possible pathways to convert hydrocarbons in other, 
more valuable, products (alcohols, ketones, acids and peroxides) is hence necessary to route 
new and less pollutant synthesis [12]. Catalyst usage is vital in this chemical transformation of 
hydrocarbons due to their tendency to inertness, and only in recent years as the use and 
development of metal based catalysts made viable the expansion of transformation reactions 
from hydrocarbons [10]. With this purpose, catalysis enters as a mean to new, more 
environmentally friendly, route in the transformation of organic molecules, with the 
economical drive to produce valuable products found in all areas of modern life. The major 
catalyst producers are situated in Germany and in the United States of America (USA), for 
instance BASF, Umicore, Clariant (the old Süd-Chemie)  and Evonik [8] [13]. In this context, 
metal complexes used as catalysts seems like a very promising and growing field, with the 
advantage of needing less heat input than in other systems, but mild temperatures in the 
occurring reaction [12]. This field is focused on the development of efficient catalytic 
reactions with respect for environment and sustainability, with emphasis on inexpensive 
metal catalyst, for instance, iron [12].  
Iron is the most abundant transition metal present on the Earth’s crust. Its appealing 
nature for homogeneous catalysis is connected to its value (relatively low price compared to 
other metals, Fig. 1), non-toxic environmental properties, strong Lewis acidity, a rich redox 
chemistry with oxidation states varying from –II to VI. The oxidation/reduction between FeII 
and FeIII is also fairly simplistic [11, 14, 15]. Iron is seen as a cyclical commodity due to its 
sensitivity to variations of the global economy, which is customarily influenced by industrial 
demand [16]. Due to its advantages, it is used in a number of different reactions, for instance 
the Haber-Bosch process (production of ammonia, which is one of the most important 
processes worldwide) or the Fischer-Tropsch process [13]. It is also used in reductions [17, 
18], hydrogenations [17, 19-25], dehydrogenations [26], cycloadditions [27], epoxidations [28-
38], polymerizations [39] and others. Iron and copper ions are the metal ions for several 
biological oxidations as a result of their presence within the geosphere, inherent electronic 
properties and accessible redox potentials. Iron is therefore involved in a series of nature’s 
biological processes which are based on the function of iron-containing enzymes, and due to 
its ample purposes it is an element of great importance in nature [13].  
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Figure 1. Market prices in US dollars per mole of transition metals over the years. Iron price set at 0.9 US Cents per 
mol in 2007 [40]. 
 
Metalloenzyme-catalysed oxidations of organic molecules are one of the selective 
oxidations notable for its substrate specificity, regioselectivity and/or stereoselectivity, 
combined with mild operation conditions. Metalloenzymes can also be capable of altering the 
substrate’s function in a way that synthetic chemist find hard to replicate [13]. Metal-
containing biomolecules are likely the oldest known catalysts, effective in nature for millions 
of years, for instance iron-containing porphyrins or carbonic anhydrase, a zinc-containing 
enzyme [8].  
In recent years, it was noted a significant reactivity with biologically inspired 
molecular systems such as the ones mentioned. The enzymes containing iron or copper sites 
are used as models and mimicked for synthetic catalysts [41]. This nature inspired use 
stimulated the application of iron in catalysis processes. Despite its successful use in 
industrial applications, iron has been unheeded as a catalyst, particularly in homogeneous 
catalysis, for some time. Substitutes such as rare or heavy transition metals are used in 
catalytic reactions, which is not ideal due to their cost or toxicity for the environment, 
caused by the interaction with biological molecules. Some examples are platinum or  
palladium, used in most industrial relevant catalytic processes (platinum is used, for instance, 
in the reforming of naphta) [14] [42]. However, the disadvantages of these usual catalysts 
used caused an increase in catalytic homogeneous research of iron. This investigation resulted 
in a number of applications, i.e., addition and substitution reactions, reductions, oxidations, 
cycloadditions, isomerizations, and rearrangement and polymerization reactions. This gave 
rise to an increase from around 2 publications on the subject in 1969 to more than 100  in 
2012 including catalytic applications [13].  
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Important properties such as electronic or steric properties influence the usability of 
the catalyst. Phosphine ligands are extensively used and well-studied but N-Heterocyclic 
Carbenes (NHC), due to their strong electron donating properties and ability to form strong 
bonds with metal centres, are also used as universal ligands for coordination compounds and 
catalysis. They are also very resilient when it concerns decomposition. Properties such as easy 
accessibility, steric or electronic tunability are some of the valuable features of NHC 
complexes. The first series of these complexes were first synthesized in 1968, although not 
only until the 1990s were the first major breakthroughs achieved, having this research been 
put to rest after this time frame. New catalytic applications were discovered and the 
research regarding this subject resumed for the last 10 years, being now a constant in 
organometallic chemistry. This new, more environmentally friendly, complexes can create a 
new way to approach catalysis [14].  
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6.3 Synthetic iron complexes: inspiration and structure 
 
Cytochromes P450 are natural enzymes that are intensely studied for chemical 
application [13]. These are oxygen activating enzymes and are responsible for the 
hydroxylation of aliphatic C-H bonds and the epoxidation of C-C double bonds (C=C) with high 
regioselectivity and stereoselectivity. In their structure they possess an active site that 
consists of an iron porphyrin cofactor attached to the protein backbone. The mechanism for 
the oxygen activation mechanism associated with cytochrome P450 is referred to as the haem 
paradigm [13].The discovery of the enzyme’s behaviour gave birth to the development and 
design of new, synthetic, oxidation catalysts. The mechanism for the enzymatic reaction 
won’t be discussed thoroughly due to the fact that it was only an inspiration to the catalyst 
used in the reaction. 
These nature inspired catalysts are modelled after the enzymatic structure. A very 
important part of said structure are ligands.  
Since NHCs were first synthesized they became widely used ligands for transition-
metal centres, for all the properties mentioned above. Its ample usage in noble metals is 
known, but iron complexes associated with NHCs are not yet that extensively applied. The 
type of catalysts developed in [43] uses the NHCs previously mentioned in its conformation. 
The iron complex 1 studied and applicable to the experiments in this thesis is one of the Fe-
NHC complexes reported in [43]. These complexes are a series of organometallic FeII 
complexes with structural variations in the ligand sphere [43]. They are different than the 
usual models created, due to the iron centre being partly ligated by NHCs instead of chelating 
N, S or O-donor ligands.  
NHCs usage in catalysis has been proven useful, as they are good σ-donors, in 
comparison to other donor ligands; they have also showed high kinetic stability in the 
complexes. The discovery of these new ligands, which by now can be seen as “established 
ligands in catalysis” opened the path to an outburst in studies and an increasing number of 
academic and industrial efforts devoted to the synthesis and characterization of new NHCs 
[44], such as the ones reported in [43]. These ligands have proven to have a higher stability 
towards ligand oxidation than phosphines, being able to replace them easily as ligands, and 
were successfully applied to oxidation catalysis in various catalytic conditions, remaining 
stable [44].  
In many reported cases, NHC-bearing catalysts exhibited better activity than the 
corresponding phosphine-based catalysts, for instance in Fig. 2 (based on published work in 
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[45]). Here, the results show that the NHCs ligands complement and extend the properties of 
the known phosphine ligands systems [44, 46, 47].  
 
Figure 2. Comparison of the high yield curve of a ruthenium NHC-bearing catalyst and a lower yield curve of a 
ruthenium phosphine catalyst [45]. 
 
The cationic FeII complex was created by aminolysis of Fe{N(SiMe3)2}2(THF) with NH4
+ in 
acetonitrile at -35 °C with great yield, as designated by Danopoulos et al. and described in 
[43]. The amide ligand of the starting material performs as an internal base, deprotonating 
the imidazolium salt to generate the free carbene in situ, which coordinates to the FeII 
centre. The byproduct bis(trimethylsilyl)amine can be easily removed by vacuo [43, 48]. 
These new catalysts complexes with NHC-bearing structures are solids with an orange to red 
shade which dissolve well in acetonitrile or benzonitrile but not in apolar solvents. The iron 
complex 1 synthesized in [43] has the inspired enzymatic structure previously mentioned, Fig. 
3, as described in [49] and [14].  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Structure of the iron complex 1, trans-diacetonitrile [bis(o-imidazol-2-ylidenepyridine)methane] iron(II) 
hexafluorophosphate, bearing a chelating di-pyridyl-di-NHC ligand [49].  
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The knowledge of the metalloenzyme’s structure and function is not only valuable by 
itself, but also for its potential applicability in creating synthetic catalysts. This particular 
catalyst was chosen due to its catalytic promise given by that format, as well as proven 
results in [49]. 
6.4 Hydroxylation reactions 
 
A hydroxylation is a chemical reaction caused by the presence of an oxidation agent 
with direct selective oxidation. The process introduces a hydroxyl group (–OH) in the place of 
a hydrogen connected in a C-H bond. Due to the introduction of an oxygen group (–O), it is an 
oxidative process, and it usually uses catalysts to hasten the rate of the reaction. This is one 
of the most interesting reactions in organic synthesis, due to its challenge [49]. The reaction 
has been increasingly studied over the past years, due to the importance of phenol and 
hydroxylated arenes as a platform for many pharmaceuticals, agrochemicals, polymers and 
biologically active nature compounds. Hydroxylated arenes were revealed as versatile 
intermediates in organic synthesis because of their proven reactivity [50]. The hydroxylation 
reaction of interest to this thesis involves aromatics as reactants. The designation of 
“aromatic” is remitted to a pleasant, soft odour, but this designation in molecules is not 
associated to the smell of the compounds but to the special electronic features they possess. 
The association dates back to the beginning of organic chemistry when agreeably compounds 
were isolated from oils produced by plants. But after its structures were better known, it was 
concluded that many of these molecules were composed of a unique, highly unsaturated, six 
carbon structural unit, also found in benzene. This ring was later known as the benzene ring, 
possessing six π electrons and has the same number of carbons and hydrogens.  In this 
context, the first reaction studied involved the hydroxylation of the aromatic compound 
benzene to phenol in the presence of hydrogen peroxide (H2O2) and the biologically inspired 
iron catalyst 1 previously mentioned [51].  
Benzene is a typical aromatic that was first discovered by Michael Faraday. It is 
categorized as a known carcinogenic by the United States Environmental Protection agency 
(US EPA). About 11 megatons of benzene are released into the earth’s atmosphere per year, 
and between 1994 and 2008 the mean of benzene concentration in the atmosphere decreased 
in about 55% in the EUA. Benzene’s relatively low boiling point (80.1 °C) [52] facilitates its 
presence in the atmosphere and also in atmospheric waters. Aromatic compounds are usually 
stable, but benzene reacts promptly with hydroxyl radicals. The reaction of choice will 
provide observation of the effect of H2O2 into benzene’s oxidative products formation, with 
the support of 1. The formation of phenol from benzene as an oxidative product has been 
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greatly addressed before which gives this thesis a theoretical and some experimental basis 
[53]. Benzene is hydroxylated with a high selectivity to phenol in the catalytic reaction 
described in [49].  
Phenol and also alkylphenols are amply present in small quantities in living sources. It 
is a contaminant in industrial effluents, used as a disinfectant and in the production of 
polymeric resins. Its high solubility in water and its colourless and crystalline nature becomes 
a contamination problem in public waters, due to the known effects that sub lethal doses 
have in the nervous and circulatory system, with the reduction of blood cells. In 
concentrations under the order of ppm, phenol is toxic to other species, interfering with the 
delicate aquatic environmental balance [54]. The substance was originally found by Friedlieb 
Runge, a German Chemist, in 1834 who was successful in the separation of different coal tar 
components, such as carbolic acid. As aromatic chemistry developed, synthetic phenol 
became available.  
It was first synthesized in 1849 from a diazonium salt, by the reaction of aniline 
hydrochloride with silver nitrite [50]. Other routes to phenol were later discovered and 
adapted to large scale production, such as benzene sulphonation and fusion of the sulfonic 
acid with alkali. The need for phenol in the development of picric acid and other uses gave 
origin to a demand that quickly surpassed the offer. Besides the original purpose of 
developing picric acid, phenol is now used for many applications in industry. Its greater 
percentage of use for the United Kingdom (UK), Europe and United States of America (USA) is 
in the manufacturing of resins (for the creation of adhesives, for instance phenol 
formaldehyde resins) [55], followed by the production of caprolactam, bis-phenol A or 
alkylphenols. Other uses include precursors as adipic acid, salicylic acid, alkyl salicylates and 
others. 
Synthetic phenol therefore became an important intermediate in chemical processes, 
being synthesized by different routes. Such processes as benzene sulphonation, the 
chlorobenzene process, the raschig-hooker process, the cumene process, the oxidation of 
cyclohexane and the toluene-benzoic route are some of the methods developed to obtain this 
product, and differ in cost relatively to the method it is used in the synthesis [56]. One of the 
most industrially used is via the three step cumene process from benzene. This process has 
some disadvantages, such as the production of an explosive intermediate, cumene 
hydroperoxide, as well as the sub product acetone. The disadvantages lead to alternative 
routes in the production of phenol, with diminished energy consumption and higher yields 
[57]. As such, the reaction has been intensively studied, for instance with different oxidants 
(molecular oxygen, nitrous oxide and hydrogen peroxide) too conclude which could provide 
the better yields. Although, this study has been proven difficult because the direct oxidation 
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of benzene to phenol is still a challenge, seen as phenol is more reactive towards oxidation 
than benzene. In the study of different oxidizing agents, molecular oxygen proved to be 
difficult in achieving high selectivity due to the over oxidation that occurs. Hydrogen 
peroxide, although, has some noticeable advantages, for instance that the only by-product is 
water [57].  
The used reaction solvent was acetonitrile, due to the dissolving properties it presents 
with the catalyst chosen in the reaction, although this is only one of its applications. It is 
primarily used as a solvent for the manufacture of pharmaceuticals and lithium batteries [58]. 
Acute, short term, exposure causes irritation of mucous membranes and chronic, and long 
term gives rise to central nervous system effects [58] [59] [60, 61]. A good part of present day 
chemicals and our knowledge of their long term effects are still not completely studied; their 
effects on the environment and human live are still not suitably analysed. Compounds that 
are now vital to the industry may be questioned with scientific discovery. In this subject is 
implied, for example, precursors of phenol such as bisphenol A or nonyphenol, which are 
intermediates for consumer products and have proven to be harmful to human health by a 
number of independent research groups [56].  
Now that an industrial and chemical context has been made to justify the reaction 
chosen for the catalytic test, a schematic of this hydroxylation reaction in the presence of 
H2O2 as an oxidizing agent and of the Fe complex 1 bearing a tetradentate NCCN ligand can be 
seen in Fig. 4.  
 
Figure 4. Hydroxylation reaction with high selectivity of benzene to phenol, in the presence of the iron complex 1 
hydrogen peroxide as oxidizing agent and acetonitrile as solvent. Less selective, secondary products are 
pyrocatechol and hydroquinone [62].  
 
The most amplified reaction of benzene to phenol occurs with different pathways, 
with intermediate compounds in the iron mediated hydroxylation.  The iron in the catalyst 
complex reacts with the oxidizing agent, hydrogen peroxide, and creates an intermediate 
that reacts with benzene.  
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Although there still is not a consensus about the reaction mechanism, most of the 
literature found refers to the amplified reaction described in Fig. 5. Here three key 
mechanisms are described: non-radical, radical and oxygen-insertion; most syntheses of 
complex targets rely on one or more key metal-mediated steps [17, 63].  
As the hydrogen peroxide combines with the ferrous ions, an oxidizing agent is formed 
that reacts with the organic substrate benzene [64]. This iron and hydrogen peroxide mixture 
originates a strong oxidizing agent. The advantages of using this mixture are not only 
exclusive to industrial catalysis, but can also be used in other processes.  
Water treatment is an example, where organic compounds are also present (for 
instance, phenol, aldehydes, hydroquinones are common in this type of waste) [65, 66]. 
Although these pollutants are oxidized with hydrogen peroxide, the rate of which they do so 
is accelerated by the addition of iron, which performs as a catalyst for the decomposition of 
the hydrogen peroxide [66].  
 
 
Figure 5. Reaction mechanisms of benzene to phenol through the different existing pathways [67].  
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The primary product of the oxidation of benzene through the iron catalyst 1 in a 
homogeneous catalysis is phenol. An over oxidation of phenol, due to a longer time of 
reaction or presence of a greater quantity of oxidizing agent can cause secondary products or 
even cause the phenol already produced to oxidize and diminish the yield achieved by that 
time. This reaction is presented in Fig. 6.  
 
 
Figure 6. Oxidation of phenol through a substitution reaction to undesirable secondary products of the main 
reaction (described in Fig. 5) pyrocatechol and hydroquinone [62].  
 
Here it is showed the oxidation of phenol to secondary products through an –orto and –
meta substitution, producing pyrocatechol and hydroquinone, the same as the secondary 
products in the oxidation of benzene.  
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6.5 Epoxidation in catalytic reactions with oxidizing gaseous 
compounds 
 
The catalytic activity of transition metal complexes has been responsible for accessing 
to a wide diversity of epoxides. This range has been achieved due to their capacity to bring 
the alkene substrate and the oxygen source within the coordination sphere of the metal, 
which leads to a facial transfer of oxygen atom to the carbon-carbon double bond [68]. The 
principle of an epoxidation then consists of a reaction in which a double carbon bond is 
transformed to an epoxide by the adding of an oxygen group through electrophilic addition to 
the double bond [69]. This selective oxidation is not only important in alkene epoxidation but 
also in creating many chemical intermediates, remaining one of the most challenging 
reactions in oxidation catalysis. One of the reasons for this challenge is due to the oxidizing 
agent. Oxygen is a basic oxidizing agent that does not produce significant by-products, but in 
order for the reaction to occur more reactive species than oxygen are sometimes necessary. 
These more reactive species are not as environmentally friendly, are more expensive and 
implicate an added weight in their disposal [69].  
An epoxide is a very reactive cyclic ether composed of two carbon groups connected 
to an oxygen. Due to its reactive character, this functional group undertakes ring-opening 
reactions with a variety of reagents, which makes them a key raw material in a wide-ranging 
variety of chemicals [70]. It is part of a class of organic intermediates in the production of a 
series of useful chemicals in industry and in pharmaceutical applications, such as polyether 
polyol and ethylene glycol [25, 71] [72]. This process is extensively applied both in the 
laboratory and commercial scale [70]. One example of its industrial applications is the 
epoxidation of olefins, which have a significant role in chemical industry for being involved in 
the synthesis of many intermediates. These intermediates can be created with the help of 
transition metal complexes in the reaction of olefins with hydrogen peroxide, different alkyl 
hydroperoxides or peracids or used as a single unit for building polymers, such as polyesters 
and polyurethanes [70].  
The scale of production varies from many millions of tons produced to a few grams per 
years, depending of the product. The production of oxides of small alkenes is in the order of 
millions of tons each year, reason why they are considered very important in the chemical 
industry [72, 73]. In this context, the majority of the epoxide industrial production concerns 
the production of ethylene oxide and propylene oxide, the two most relevant products. The 
process in which ethylene oxide is produced was mentioned earlier in this chapter, with the 
presence of a solid silver catalyst supported by alumina, in a heterogeneous catalysis.  
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Regarding the use of iron in catalytic research of epoxidation, investigation work has 
been conducted with various oxidants, such as PhIO, NaOCl, perbenzoate, and molecular 
oxygen. During recent years, Fe(dmp)3, Fe(AAEMA)3 , and FeIII oxamato complexes have been 
investigated for the epoxidation of a variety of cyclic and linear alkenes in the presence of 2-
methylpropanal and molecular oxygen [68].  
Studies have been made using hydrogen peroxide as the oxidizing agent in 
epoxidations  with the aid of a homogeneous catalyst, ([72], [74], [70]) with good conversions 
of the substrates to the desired product, despite the difficulty in extrication from the final 
product. This choice of oxidizing agent is an attractive option not only due to price but also 
to its low impact in the environment and its ease in manipulation. Similarly to hydrogen 
peroxide, oxygen also is a commonly used oxidant in industrial catalysis because of relatively 
low cost and environmentally friendly nature, as was already mentioned. For this, it is 
considered an ideal oxidant for epoxidations, attractive from a synthetic and industrial point 
of view [73] [68].  
With the purpose of studying a reaction with a gaseous component and the way the 
catalyst complex 1 reacts to these conditions, it was decided to vary the oxidizing agent to 
molecular oxygen, assuming high energy conditions that could maybe surpass the lower 
reactivity of oxygen.  Due to benzene’s inertness to molecular oxygen, a more reactive 
compound was chosen in this stage, cis-cyclooctene (possesses high selectiveness in forming 
its epoxide). This reaction is summarily described in Fig. 7. 
 
 
Figure 7. Epoxidation of cis-cyclooctane to its primary product, epoxycyclooctane with the iron complex 1 as the 
homogeneous catalyst [72].  
 
Studies have reported great reactivity with the use of molecular oxygen in the 
catalytic epoxidation of alkenes with various transition metals, such as manganese, 
vanadium, molybdenum and iron [31]. Different alkanes were applied and the yields with the 
transition metal catalyst of choice were high in all of the substrates tested. The reactions 
conditions vary but the temperatures used are manly higher than 50 ºC [31] [68]. The 
catalytic oxidation of cycloalkenes with molecular oxygen and FeIII porphyrin complexes has 
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also been studied [75]. The temperatures and pressures were used as a reference for the 
experimental procedures. 
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7. Context and State of the Art 
 
In the last decade, the selective direct oxidation of aromatic compounds has been 
given considerable attention [49]. The study and development of homogeneous catalysis using 
transition metals as catalyst has been greatly addressed since the disadvantages of 
heterogeneous, noble metals catalysts were taken into account. The new catalytic 
applications were discovered and are now a constant in organometallic chemistry. These new, 
more environmentally friendly, complexes can create a new way to approach catalysis. Just 
in the past decade complexes with Fe, Mn and Cu that catalyse oxidations of C-C and C=C 
bonds (with O2 or H2O2) were identified, as a result of this research [13].  
Different complexes involving transition metals are being generated in the field of 
oxidation catalysis, not only with iron but other metals such as tungsten, manganese, 
rhenium, titanium and nickel [76-85]. These complexes, especially iron, were found to be 
good epoxying agents for alkenes [13]. Transition metal compounds are also being studied in 
the activation of carbon dioxide into products that are not thermodynamically favourable and 
can only be created by defeating the energy barriers naturally imposed.  
Inside the spectrum of transition metals, iron catalysts have been developed with a 
similar conformation to enzymes found in nature. In 2012, previously to the work in [43] three 
reports were found on the synthesis of such compounds and the major part still had unknown 
reactivities. Danopolous et al. reported in 2004 a ligand that was connected to iron in a 
successful manner [13] and 2008 Hahn et al. also reported a complex of iron constructed with 
two acetonitrile molecules. Later in 2009, Chen et al. produced an iron complex with a 
square-planar geometry with a tetradentate NCCN ligand. In 2012, [43] reported the synthesis 
and characterization of three FeII NHC complexes, ligated by a tetradentate NCCN ligand and 
composed of different alkylene bridges. This study originated the basis for this synthesis, seen 
as one of the complexes was the iron complex 1. The most recent work with this particular 
complex consists of reactions such as hydroxilations [49] and epoxidations [74]. Overall, the 
most recent work in transition metal catalysts with nature inspired conformation shows 
promise and good results and encourages future research [43, 49, 74].  
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8.  Technical Description 
All of the results in this thesis had the same analytic method of measurement. This 
method was Gaseous Chromatography (GC) with a Flame Ionization Detector (FID) and after 
initial training the operation of this machine and sample analysis was done individually. The 
manipulation and operation know-how is addressed in the conclusions under other 
accomplished work, and in Annex 2, regarding the necessary calibrations. 
8.1 Catalytic Hydroxylation of Benzene by an iron-NHC complex 
 
8.1.1 Reaction parameters of standard reactions and experimental procedure 
 
In the course of the catalytic experiments, all the reactions had the same 
experimental setup. The amount of catalyst in the given reaction was dissolved in 
acetonitrile. After a few initial reactions, a stock solution in a 100 ml volumetric balloon was 
prepared with the concentration of 5 mg of the iron complex 1 in 4 ml of acetonitrile. After 
the experiments with different mol% of catalyst, a 10 mg in 4 ml of acetonitrile concentration 
solution was prepared in the 100 ml vial. This solution was later dissolved accordingly to 
diminish the error in the weighing phase, due to the low amounts of catalyst required per 
reaction.  
Once the desired amount of stock solution was added to the reaction (all the reactions 
had a volume of 4 ml of solvent, regardless of amount of catalyst used), benzene was added 
(61 µL, 100 equiv.) followed by H2O2 under continuous stir. After the chosen time for the 
reaction, it was quenched with an excess of solid MnO2 and filtered by silica. The filtration 
was composed of a Pasteur pipette with a Micro-glass Fibre Paper (MGB grade; 25 mm in 
diameter, cropped into 8 identical triangles, one triangle per usage). Then silica was added, 
in about half a gram per each filtration, stuck to the top of the Pasteur pipette by the corking 
effect of the glass fiber paper at the bottom. This filtration step prevents damage caused by 
metals in the GC column (in this case, the iron that composes the catalyst). After the 
filtration, equal parts of the reaction solution and of a standard solution were taken to a 
single GC vial and quantified by GC-FID. Initially this value was 0.5 ml of each solution into a 
GC vial, but later it was switched to 0.4 ml.  
 In the first initial calibration, the standard solution was composed by p-xylene and 4-
bromoanisole dissolved in acetonitrile (MeCN). In the second experimental calibration, due to 
a change in the analysis machine a new standard was chosen. This choice is made based in 
Iron catalyzed oxidation of unreactive C-H bonds 
 
8. Technical Description 21 
similar retention times of the compounds. This new and final standard used in these 
experiments is composed by p-xylene and toluene dissolved in MeCN. At least two samples per 
reaction were taken. The reactions were carried out in atmospheric conditions, and at least 
twice per reaction condition.  
 
8.1.2 Varying parameters experiments 
 
In this category are included the temperature variation, time dependent and different 
mol% of H2O2 experiments. In the temperature variation -10 ºC, 0 ºC, room temperature (rt) 
and 50 ºC were measured.  The -10 ºC temperature was achieved with the help of a cryostat, 
in a cooling bath with the flow of the cooling agent, ethanol. The 0 ºC were attained by 
placement of the reactions in an ice bath. Room temperature refers to the temperature 
inside the facilities (25ºC ±
 
5 ºC in the different experiments) and the 50 ºC reaction took 
place in an oil bath with a stirrer, heated to the desired temperature by a hot plate below 
the oil bath and stabilized at this temperature with the help of a temperature probe in 
coordination with the plate. 
  All of the reaction mixtures were left at the temperature conditions for five minutes 
before starting the reaction by the addition of H2O2, so as to provide time for the 
temperature to set within the reaction mixture. In the kinetic experiments were done at least 
twice the number of reactions as the number of desired points in the final chart. Each of 
these reactions were then stopped at the chosen time, filtrated by the previously mentioned 
method, analysed and quantified by GC.   
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8.1.3 Experimental Results 
 
The initial reactions took place in a mild, room temperature (25 °C) to prove that the 
catalyst was effective without any additional heat necessary. The initial reaction time was of 
one hour. A similar filtrating agent of silica, alumina, was tried, but although it showed 
effectiveness in the filtration process, the results shown were not as systematic as with the 
first agent.  In the course of this filtration process, solvent sticks to the silica, causing a shift 
of the initial volume. This shift is not taken into account into the calculations, seen as it 
would not be possible to quantify it and it has a small implication in the results. 
A factor that also has to be taken into account is the exothermicity of the reaction. 
The temperature rise under these conditions can cause evaporation of benzene, due to its 
boiling point, and cause apparently higher conversions. However, it was thought that this 
effect could be cancelled out by the presence of blank samples (without the studied iron 
complex catalyst 1) with each reaction, taking them into consideration in the final 
calculations for the conversion, yield, and selectivity.  
The experiments started by replicating the results of [49]. The iron compound 1 used 
was previously synthesized and made available by the research team. In the first reactions, 
different quenching agents, triphenylphosphine and manganese oxide (PPh3 and MnO2) were 
analysed. Due to clearer peaks in the method analysis the second compound was preferred in 
all subsequent reactions.  
 
8.1.4 Significance of catalytic presence 
 
It is clear that in order to study the significance of the iron catalyst 1 presence in the 
studied reaction different amounts should to be tested. This was done in parallel reactions to 
determine the most adequate mol% to be used and achieve the best pondered results. As can 
be seen by Tab. 1, the amount of catalyst that showed the most promising results in terms of 
conversion was that of Entry 1 (10 mg, or 2 mol%). 
Given the fact that from Entry 1 to 2 (1 mol%) there is not a great difference in terms 
of conversion and yields but the amount of catalyst is doubled, which is a greater expense for 
the conversion obtained, it was opted to proceed with 5 mg of catalyst in the following 
experiments, with the selected concentration of 5 mg of catalyst in 4 ml of acetonitrile. 
Through Entry 6, it can be concluded that the reaction does not occur without the 
presence of the catalyst, given a 0% conversion, which means that the benzene was not 
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transformed into phenol in a measurable way just by the presence of the H2O2 in the given 
time frame for the reaction.  
 
Table 1. Reaction conversions, yields and selectivity obtained with varying mg of catalyst in 4 ml of acetonitrile 
and 105 µL of H2O2 .The reaction took place for 1 hour, at room temperature (25 ºC ± 5 ºC) and atmospheric 
pressure. 
Entries 
Amount of 
catalyst (mg) 
Conversion Yield Selectivity 
1 10 11.41% 5.92% 51.88% 
2 5 10.42% 4.25% 40.82% 
3 2.5 3.17% 0.99% 31.40% 
4 1.25 0.62% 0.19% 30.42% 
5 1 0.00% 0.00% 0.00% 
6 0 0% 0% 0% 
     
8.1.5 Oxidizing agent experiments 
 
The chosen oxidative agent was H2O2 due to its general strong oxidizing influence and 
its known interaction in the oxidation of benzene, as was mentioned previously. This 
oxidation agent was experimented in different concentrations, initially with 30 wt.% and later 
50 wt.% due to the importance of the water content in the final results of the reaction 
conversion. This test was part of the initial reactions to determine what components in the 
whole catalytic process were the most adequate.  
The diminished water content of the 50 wt.% solution produced better results in terms 
of conversions and yields, reason why the second solution mentioned was chosen in the 
following experiments. The lower amount of water content increasing the reaction’s 
conversion suggests that it is favoured by a greater amount of hydrogen peroxide. The 
hydrogen peroxide increase translates into more hydroxyl groups to react with benzene in the 
hydroxylation reaction. Different amounts of hydrogen peroxide were used to find the highest 
conversion possible in the reaction within the reaction parameters.  
The experimental results can be seen in Fig. 8. In this chart there is a clear tendency 
to higher conversions around the 100 equiv. area (70 µL used). In the beginning, for nearly no 
quantity of oxidizing agent, the reaction almost has no conversion. The lower equiv. of H2O2 
are insignificant in the oxidation process. As the equiv. of hydrogen peroxide increase, after 
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the highest peak, the conversion lowers to around the initial values (almost zero) and it is not 
a desirable field of equiv. to work with.  
 
 
 
 
 
 
 
 
 
 
Figure 8. Reaction conversions with varying H2O2 equiv. and 1 mol% catalyst in 4 ml of acetonitrile. The reaction 
took place for 1 hour, at room temperature (25 ºC± 5 ºC) and atmospheric pressure. 
 
One can conclude from these results that in the synthesis of phenol are necessary high 
quantities of hydroxyl groups, provided by the use of H2O2. The lower conversions as the 
equivalents rise to 400 or 500 can be explained by an over oxidative action in the conversion 
of benzene.  
As the equiv. of the oxidizing agent increase, the reaction occurs with a higher 
conversion. Phenol is produced, but due to the overwhelming presence of the hydroxyl 
groups, the catalyst starts to lose action much more quickly and the conversion is increasingly 
lower. It should come to a point where the phenol produced even with high equiv. stabilizes, 
because the catalyst has a limited and consistent activity. This can be observed in Fig. 9, 
where the yield stabilizes for the high values of equivalents mentioned.   
It could also happen that the over oxidation process transforms the phenol formed into 
side products instead of oxidizing benzene. This transformation of the product is undesirable 
and typical of the operating conditions, at high equivalents; at lower levels of concentration 
and quantity of the oxidizing agent the yield has a consistent increase, as seen in Fig. 8 and 
supported by [86]. In a later stage, the reaction starts to darken. The temperature augments, 
indicating the presence of exothermic and more favourable reactions than the transformation 
of benzene into phenol. It was shown that iron dissolution is assisted by an increase in the 
acidic content and water content [86]. Regarding the reaction yield, experiments were 
conducted with different amounts of hydrogen peroxide, following the last results, with some 
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of the values of equiv. used in Fig. 8. The increase in yield is justified by the greater amount 
of hydrogen peroxide used. In the time dependent experiments this was explored with greater 
care, so that the limit of oxidizing agent that produces the greatest yield was investigated. 
Fig. 9 makes possible to observe the yield increase mentioned earlier. 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Reaction yields with varying H2O2 equiv. and 1 mol% catalyst in 4 ml acetonitrile. The reaction took place 
for 1 hour, at room temperature (25 ºC ± 5 ºC) and atmospheric pressure. 
 
The yield curve is rising with the rising presence of the oxidizing agent in the reaction. 
This presence increases the quantity of phenol produced. The results of the desired product 
increase together with the quantity of reacting hydroxyl groups provided by the H2O2. Despite 
this, this stage has the lowest conversion, which indicates that phenol is being produced at 
the same rate as it is being transformed into the side products mentioned before.  
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8.1.6 Time dependent experiments 
 
The initial reaction time was one hour, as referenced by [49]. To investigate if this 
was the optimal reaction time, curiosity about the catalytic activity and the reaction 
velocity, it was decided that time dependent experiments should be done. Some of the 
results in this new phase of experiments regarding conversions were somewhat scattered 
(mentioned in the conclusions) and so it was decided to discuss the results only in terms of 
yields, to better evaluate the reaction progress. In order to assess the rate of the reaction, 
initial experiments were made with different times, from half a minute to 4 hours with 1 
mol% catalyst and 100 equiv. of H2O2.  
These results made clear that the reaction time used up until now was to long for the 
rate of the reaction. The determined yield at five minutes (5.39%) was almost the same value 
as at the end of one hour of reaction (5.54%), so new experiments were made at  0°C (on ice) 
until 30 minutes of reaction time (30 seconds, 1, 2, 5, 10 and 30 minutes) and they  showed 
about this same yield. The conclusion is that the reaction occurs very fast at room 
temperature, and also under iced temperatures.  
In order to better visualize the rate, new experiments were made at -10°C. The yields 
now were of about 0.2% for 10 minutes of reaction, which indicates that the reaction is 
slowed to the point that no real yield is produced, and it does not make sense to choose this 
temperature as an optimal temperature for the reaction to occur. Later it was decided to do 
temperature dependent reactions with different equivalents of oxidizing agents over time 
where the behaviour explained above is clearer. 
 
8.1.7 Varying amounts of catalyst, hydrogen peroxide and time 
 
Several parameters were combined to better understand the relation between them. 
Therefore, different reactions were made, taking into account variable amounts of catalyst 
with variable quantities of hydrogen peroxide during a reaction time of 30 minutes.  
This time was chosen following the results with the time dependent experiments and 
because the reaction occurs rapidly at ambient temperature, the reaction time was shortened 
to half an hour. Different yields were obtained to confirm an optimal variation of the 
parameters, which can be seen in Fig. 10. 
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Figure 10. Reaction yields with varying H2O2 equiv. and mol% of catalyst in 4 ml acetonitrile. The reaction 
took place for 30 minutes, at room temperature (25 ºC) and atmospheric pressure. 
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As can be seen, the yields rise with the quantity of the oxidizing agent. This is 
expected to a certain point, as the phenol produced is increased with the excess of the 
oxidizing agent. Nevertheless, as can be seen in Fig. 10, around 1000 equiv. and higher, the 
yields tend to increase substantially in comparison with the initial values that seemed to 
stabilize around 600 equivalents.         
    This behaviour can be attributed to an overoxidation caused by 
the manganese oxide, the quenching agent that reacts with the excess hydrogen peroxide, 
increasing the yield of the reaction caused by the catalyst. In this reaction, the metal cation 
Mn2+ transforms hydrogen peroxide into highly reactive and non-selective hydroxyl radicals 
that act rapidly in their addition to aromatic rings, such as the case of benzene [87, 88].  
This addition can therefore cause an extent in the production of phenol which is not 
caused by the catalytic action of the iron catalyst chosen. A reaction was run to test this 
hypothesis, without the presence of catalyst and with one of the high values of equiv. that 
gave rise to the high yields.  
The value chosen was of 1000 equiv., and it is possible that an oxidation occurs that is 
not caused by the iron catalyst, as the returned yield for this reaction was around 3, 93%. 
With these results, the higher values of yields (that proportionally are in extreme excess) 
have to be approached with a certain care, for they may not belong solely to the catalyst’s 
activity.  
Regarding the lowest values, as was mentioned earlier, there is no phenol produced 
for lower equiv. without the presence of catalyst, and these values are better connected 
solely to the catalytic action. It is also important to reference the difference between the 
values of Fig. 10 and the earlier values of Fig. 9. For instance, the yield at 500 equiv. in the 
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oxidizing agent experiments is about 7%, but for the varying catalyst and hydrogen peroxide 
experiments it is lower, not reaching 6%. This small variation exists but can be explained. 
 Firstly, the calibration was not the same, having different standards and parameters. 
Secondly, it was done at a different point in time. Ideally this would not interfere with the 
sample analysis but the high number of samples injected to the GC machine and the 
inevitable variation of retention times can have an impact on the results. The homogeneity of 
all the reaction factors is important; the most comparable results are those under the same 
experimental and analytic conditions, which was not the case, seen as the reactions were 
done with a big time gap between them. 
 
8.1.8 Temperature experiments 
 
As was mentioned earlier, the reaction occurs without any additional heat. These 
temperature experiments were done to determine if the reaction would benefit of a 
temperature adjustment. The first experiments done had the purpose of determining the 
direction to be taken.  Experiments were conducted at -10 °C, rt and 50 °C. 
 Following the time dependent experiments, where the better yields were achieved by 
the higher volumes of H2O2, a series of experiments was made with these high values. The 
particular value chosen was of 1000 equiv. of H2O2. The results were made for 5 mg of 
catalyst instead of 10 mg of catalyst, because as was stated, the difference between them 
was considered too small to double the amount of catalyst for a small percentage in the 
experimental results.  
The outcomes for this amount of catalyst and volumes are displayed in Fig. 11, where 
the behaviour of the reaction rate is not visible because the first point measured for 30 
seconds as already about 3% yield at 1000 equivalents. This result does not allow the 
observation of the reaction behaviour under 30 seconds.  
Not being able to see the reaction development in Fig. 11 led to another experiment 
done with 100 equivalents, with the hypothesis that the reaction would occur in a slower 
manner at lower temperatures due to the lower oxidation power of a lower quantity of 
oxidation agent, which can be seen in Fig. 12. 
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Figure 11. Reaction yields at different temperatures (0 ºC, rt and -10 ºC) to better visualize the behaviour of the 
reaction, with 1000 equivalents of H2O2 and 1 mol% of catalyst in 4 ml acetonitrile. The reaction took place at 
atmospheric pressure. 
 
 
Figure 12. Reaction yields at different temperatures (50 ºC, 0 ºC, room temperature and -10 ºC) to better visualize 
the behaviour of the reaction, with 100 equivalents of H2O2 and 1 mol% of catalyst in 4 ml acetonitrile. The 
reaction took place at atmospheric pressure. 
 
The hypothesis was proven to be correct for the -10 ºC but not for the higher 
temperatures, who did not show a significant difference. This can be explained by a 
substantial effect of high temperature in the reaction behaviour that surpasses the influence 
of the equiv. of the oxidizing agent added. Despite this factor, yields low enough so that the 
reaction behaviour could be seen were achieved when the reaction was cooled down to -10 
ºC. This is due to lower reaction rate, has shown in Fig. 13. At 30 seconds, the reaction yield 
is practically zero and then it starts to go up consistently at 4 minutes.  
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At -10 ºC it can be seen the way the reaction progresses with time. It reaches 
stabilization at about 100 minutes, where the yields of the succeeding points are within the 
error margin calculated for this time. It can be concluded that the reaction grinds to a halt, 
seen as no more phenol is produced past that time, even at long reaction times of 1 and 2 
days.  
 
 
Figure 13. Reaction yields at -10 ºC in order to better visualize the behaviour of the reaction, with 100 
equivalents of H2O2 and 1 mol% of catalyst in 4 ml acetonitrile. The reaction took place and atmospheric pressure. 
 
The longer experiments taken at 1 day and 2 days of reaction progress were done to 
make sure the reaction yield stopped progressing after a longer time frame. As can be seen, 
the yield at these times does not vary significantly comparing to the previous sample taken 
after only two hours of reaction. The last three points taken only have a standard deviation 
measuring error of 0.175%. One can conclude that the reaction stabilizes after about two 
hours at this temperature, which is almost four times the time that the reaction is completed 
at room temperature. In the course of analysing the experimental results in the GC window, it 
was made clear by the analysis of the peaks that a new peak had been formed for the 1 day 
and 2 days experiments. This peak was qualitatively greater at the two days long reaction 
experiment than the peak of the desired product benzene. Although, as was demonstrated in 
Fig. 13, the yield of phenol does not increase or diminish as the reaction time continues, but 
stabilizes after a certain time, which is a sign that the phenol does not react with the 
hydrogen peroxide to create secondary products in a way that affects its production. What is 
suggested by all these results is one of two possibilities. Either the benzene, with time, has a 
tendency to over oxidize into the secondary products, or phenol continues to be produced at 
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the same rate as it is converted to secondary products after a certain time. The revealed 
peak is observed in Fig. 14.  
 
Figure 14. Resultant peaks of the reaction that occurred for 2 days at -10ºC and atmospheric pressure for 100 
equivalents of oxidizing agent. The first peak is referent to p-xylene, phenol’s standard, the second one for the 
secondary product and the third for phenol. The x axis refers to the retention times, in min. 
 
               It is clear from Fig. 14 the presence of a different, new peak. This peak had 
appeared before in a small manner in more time consuming experiments but never to this 
extent. Its presence clearly increases with time. For a better comparison of the primary 
product and this new compound Fig. 15 is presented.  
Figure 15. Last two peaks of the reaction that occurred for 2 days at -10 ºC and atmospheric pressure for 100 
equivalents of oxidizing agent. The first peak is referent to the secondary product and the second for the primary 
product, phenol. The x axis refers to the retention times, in min. 
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It is shown from Fig. 14 and Fig. 15 the presence of the secondary product and its impact 
in the reaction when in comparison to benzene. Because the GC method developed is not 
prepared to recognize peaks other than benzene, phenol and its standards, the identity of the 
peak cannot be known for sure, neither the quantity produced. However, is reasonable to 
predict it is one of the secondary products of the hydroxylation reaction previously 
mentioned, pyrocatechol or hydroquinone, and due to the height of the peak, that it is 
produced in a greater quantity than benzene.  
The colour of the reaction is also an indicative of the presence of a secondary compound, 
seen as the reaction tends to darken to a brown colour the longer it is permitted to occur, as 
opposed to a clear transparent colour that is present after only 30 minutes, when the yield as 
already stabilized. This colour is compared in the GC vials, after filtration, seen as after 
adding the quenching agent the reactions turn black and is not practical to make a 
comparison between them.  
  
Iron catalyzed oxidation of unreactive C-H bonds 
 
8. Technical Description 33 
8.2 Epoxidation of cis-cyclooctene with a gaseous oxidizing agent  
 
8.2.1 Reaction parameters of standard reactions and experimental procedure 
 
In the course of the catalytic experiments, all the reactions had the same 
experimental setup. The amount of catalyst studied in the given reaction was dissolved in 
acetonitrile.  
After the initial reaction, a stock solution in a 100 ml volumetric balloon was prepared 
with a concentration of 5 mg of the iron complex 1 in 2 ml of acetonitrile and dissolved 
accordingly, to diminish the error in the weighing phase due to the little amounts of catalyst 
needed per reaction. The experimental setup consisted of an oxygen bottle connected to a 
pressure gauge, which was connected a tube and then to a Fischer Porter Bottle grasped with 
a claw and a stirring bar placed inside it. This experimental setup can be seen in Fig. 16 and 
17 in Annex 1.  
The desired amount of stock solution is added to the vial of the Fischer Porter Bottle, 
followed by the cyclooctene (320 µmol, 100 mol%, 41 µL). The bottle is closed and the oxygen 
is added under pressure for the given reaction time, under continuous stir. After the chosen 
reaction time, the Fischer Porter Bottle is opened and the pressure is released. The reaction 
was not quenched with MnO2, as in the hydroxylation of benzene, but only devoid of its 
oxidizing agent under high energy conditions.  
The reaction is then filtrated by silica. The filtration was composed of a Pasteur 
pipette with a Micro-glass Fibre Paper (MGB grade; 25 mm in diameter, cropped into 8 
identical triangles, one triangle per usage). Then silica was added, in about half a gram per 
each filtration, stuck to the top of the Pasteur pipette by the corking effect of the glass fibre 
paper at the bottom. This filtration step prevents damage caused by metals in the GC column 
(in this case, the iron that composes the catalyst). After the filtration, equal parts of the 
reaction solution and of a standard solution were taken to a single GC vial and quantified by 
GC-FID. These vials are composed of 200 µL of sample, from the reaction, 800 µL of Hexane 
as the dissolving agent, and 500 µL of the standard.  
N-Hexane was added to dilute the sample along with the equivalent amount of standard. 
Both of the samples in the first and second experiments were measured by GC analysis by a 
previously constructed internal calibration and method. These parameters (internal 
calibration and method) were developed previously and made available by the research team, 
in the course of the work accomplished in [74]. 
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8.2.2 Experimental results 
 
As described earlier, the second stage of the experiments consisted of an investigation of 
the iron complex 1 reacting with a gaseous oxidizing agent. This study intended a better 
understanding of the catalyst behaviour with a gas phase. The chosen agent was O2 in its pure 
form, which was placed in contact with the reaction in a closed system under a designated 
pressure.  
The compound chosen to perform the next set of experiments was the cycloalkane cis-
cyclooctene (due to the inertness of benzene previously mentioned). It had been formerly 
studied in [74], and it showed promising results with the given catalyst, giving conversions, 
selectivity and yield of the epoxide of up to 92% with a high catalyst loading, with hydrogen 
peroxide as the oxidizing agent. The referenced paper showed promise in the cooperation 
work between the catalyst and cis-cyclooctene, and it was the starting point for the 
experiments. The iron complex 1 “was found to selectively catalyse the epoxidation of cis-
cyclooctene in high yields without the need for acids or other additives within a reaction time 
of 5 minutes” [74].  
The first experiments were done with ambient conditions. The pressure inside the bottle 
was 1 bar and room temperature was used in a reaction time of 24 hours. No epoxide was 
achieved with these experimental conditions. In order to see if it was feasible to produce the 
epoxide with a gaseous oxidizing agent, the conditions were pushed to higher pressures and 
temperatures. In this second experiment, the temperature of the Fischer Porter Bottle was 
homogenized by an oil bath, at 50 ºC, under 4 bar and for 24 hours of reaction. The additional 
energy given by the high pressure and temperature was not able to provide the desired 
outcome. No additional epoxide was produced; the GC did not recognize the peak in which 
the epoxide should be located.  
The quantified results from the software also did not reach an acceptable minimum of 
area counts for the cis-cyclooctene epoxide. This is supported by the fact that the reaction 
solution did not change colour after 24 hours of reaction, but stayed the original typical 
orange colour of the catalyst. This indicates that the catalyst does not suffer decomposition 
by the seemingly high temperatures and pressure, simply does not react and no product, 
primary or otherwise, is formed. The lack of reaction could be explained by a dissociation 
between the catalytic structure and the oxidizing agent, which perhaps could not combine 
with the ferrous centre ion. In this case, the intermediate oxidizing agent does not form and 
the substrate cis-cyclooctene remains unaltered.  
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9.  Conclusions 
In the technical description, the experimental results show that the iron complex trans-
[Fe(NCCN)Me(MeCN)2](PF6)2 has a good activity in the hydroxylation reaction with benzene and 
reacts well with its transition to phenol. As far as can be seen, the catalyst shows stability 
and does not disintegrate rapidly, but this can happen with time if the temperature of the 
reaction is too high. The limited temperatures used were of 50 ºC, which was an intermediate 
temperature that does not compromise the catalyst integration or causes evaporation of 
benzene but gives additional energy to the reaction and improves the results. Regarding the 
presence of the catalyst, the best conversion and yield results were obtained for 2 mol%, with 
little difference to 1 mol%. This difference in conversion was of about 1% variation between 
these two values, which was not deemed high enough to use double the amount of catalyst in 
the majority of experiences (except of course in the experiments were the mol% of catalyst 
was varied). This behaviour shows a ceiling in the conversion for these experimental 
conditions, because it cannot be increased significantly past this point. In the oxidizing agent 
experiments the importance of the water content in the oxidizing agent was also determined 
and the equiv. to be used accordingly in case of further study for the best possible outcomes. 
In the following experiences, the difference in yields does not vary significantly until around 
800 equiv., for varying mol% of catalyst, point where it is thought that the MnO2 acts with the 
excessive hydrogen peroxide. Kinetic experiments were run and the ideal pondered time for 
the reaction was of about 30 minutes, seen as the reaction occurs rapidly under room 
temperature. The reaction shows a typical catalytic performance, when the yields increase 
rapidly in the beginning and then at a lower rate, until it stabilizes. The discovery of a 
secondary product was surprising result that provided an insight into the reaction. In 
conclusion, this entire accomplished work was important in identifying processes that occur in 
the different experimental conditions and to know the way the reaction progresses with all of 
its inherent parameters variation. It was possible to justify the observed behaviours with 
factors such as by-products, action of catalyst or over oxidation. The results were also 
coherent with the known literature and proved the catalytic action of 1, providing reasons for 
further research is encouraged.  
9.1 Accomplished goals 
 
Initially the project was composed of three stages in which the iron catalyst was to be 
studied. The first and longer stage was the hydroxylation of benzene to phenol, as was 
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previously mentioned. This stage showed promising results in the action of the catalyst in the 
transformation of the original aromatic compound. The results obtained were in accord with 
the described experiences in [49] and produced similar results, with good reproducibility. The 
reaction was studied in thorough, varying different parameters and achieving results that 
made possible to make premises about the reaction behaviour. This makes a possible scale-up 
from the laboratorial experiences to an industrial perspective easier. The results showed good 
reproducibility and the catalyst acted well in the hydroxylation of benzene. The objective of 
and initial objectives were accomplished, namely in the experimental procedures aimed. The 
second stage consisted of a study of the catalyst activity with gaseous compounds. In this case 
the results weren’t as promising, seen as the catalyst did not act with the gaseous oxidizing 
agent. As far as can be seen, the reaction does not occur to a measurable extent in the 
experimental and measure conditions. This work was, although, a remote hypothesis that 
needed to be studied but highly experimental. This second stage was a junction of the last 
two original phases of the project that combined pressure variations and the presence of a 
gas phase of the original second stage with the third original phase, which switched the 
oxidizing agent to oxygen gas. The decision to combine these two phases was made due to a 
previous study on cis-cyclooctene with the iron catalyst addressed. This reactive compound 
gave promising results that were not achieved with benzene, and the choice to change the 
experimental work was therefore taken. The comparison was to be made with previously 
obtained results with cyclooctene, but the reaction showed no yield and this secondary 
project put to rest.  
 
9.2 Other accomplished work 
 
During the course of the accomplished work, it was necessary to acquire certain skills, 
namely in the management of the GC-FID machine, all the procedures that accompany it and 
also in experimental catalysis in general. The cryostat was also used to handle the 
temperatures lower than 0 ºC in the temperature experiments. Another minor process learned 
was in the working with Chemdraw for the molecules design presented in the thesis. 
Learning to handle the initial software of the GC-FID was simple. This initial training 
consisted of a series of steps. Firstly the functioning of the gas bottles that are feed into the 
system was shown, the valves of the system, both in the machine and in the gas line. The 
instruction on the placement of the samples and analysis was also done. Initially, the samples 
are placed in a tray with holes with the same diameter as the GC vials. After the samples are 
placed in this tray, it is necessary to prepare the analysis. Firstly, the gas bottles must be 
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checked to see if there is enough gas to run the samples. After the valves are open, a sample 
list is created and the samples to be measured described in this sample list. The desired 
method to be used is uploaded to the sample list and the analysis option selected for each 
sample. The samples are named, the number of injections per sample, the number of the 
sample position, the volume for each sample and other parameters that vary with what the 
operation requires. After all the samples are described in the sample list, the standby method 
is uploaded so that the GC-FID goes into standby mode after measuring the sample list. This is 
useful in case of longer measuring times, seen as the GC only uses a very small amount of gas 
in the standby method. In case the operator cannot be present at the time the samples finish 
measuring the waste of the gas is minimal. Both the sample list and the analysis results have 
to be saved into a destination folder. After these procedures, the column oven is turned on 
and a certain amount of time is required to stabilize the whole circuit (for instance, the 
initial temperature of the method or the pressure of the system). Once it has stabilized, the 
system is ready (the color turns to green in the software window) and the operator can press 
“Begin” in the list options.  
In terms of experimental catalysis, the extent laboratory work provided new techniques 
and ease in managing this type of reactions. Catalysis is a very precise work, especially with 
many reactions occurring at the same time with the same experimental conditions. Parallel 
reactions have to be very similar in order for the results to be as accurate as possible. Precise 
work in pipetting is very important, seen as the volumes used are very small and should be as 
similar as possible. The steps in carrying out the reactions also have to be the same so that 
minimal error exists. The reaction parameters varied but these steps remained the same. The 
greatest difficulty was the initial establishment of these steps.  
The setup control of the cryostat was also learned for the various -10 ºC experiments. 
The cooling bath with this temperature was achieved through the flow of the cooling agent, 
ethanol. Firstly the bath must be completely filled with ethanol. Then the cryostat is turned 
on and the desired temperature is set. The external temperature is measured with a 
temperature probe that is submersed in a cooled vial containing only methanol. After the 
temperature set, the cooling can begin. The temperature takes around 2 hours to stabilize at 
-10 ºC.  
9.3 Limitations, future work and final appreciation 
 
The greatest limitations with the entire experimental process were complications 
regarding the GC and the measuring time of the samples. The measuring started in an 
unoccupied GC-FID machine and the initial calibration was done. After a few measurements, 
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the results started to appear unclear, with a presence of noise in the background that 
overlapped them. Some alternatives were tried to deal with this problem, such as different 
quenching and filtration agents or changing the analysis needle. The purpose was to see if any 
of this factors interfered with the analysis and the noise was its inadequate response. 
Unfortunately, none of the alternatives was a solution and the measurements had to be taken 
in a different GC-FID machine. A new calibration and method had to be developed, which 
delayed the project.  
Although indispensable, the calibration and all the necessary work that is associated with 
it is very time consuming. This factor, along with the complications that occurred, were the 
greater impediments in terms of experimental work. Some of the problems encountered in 
handling the machine were the breaking of the needle that aspirates the samples (from use 
and for emptiness of cleaning agent inside the designated vial) and running out of gas inside 
the bottles due to miscommunication between laboratory partners. These glitches however 
were part of operating the machine.  
In terms of experimental results, little after the third calibration the conversion values 
started to not to be consistent and it is thought it was due to the fatiguing of the column, 
because nothing about the experimental procedure or analysis was changed. The conversions 
were always high to start it, as was mentioned before, supposedly due to the evaporation 
that occurs of benzene during the course of the exothermical reactions and the filtration 
process. But this effect was always cancelled out by the blanks done with each reaction, and 
was accounted in the results. This process was also done in the non-consistent values of the 
conversions and not even in the blank samples the outcomes were homogeneous. A different 
method was tried; the reaction was firstly filtered to remove the catalyst and then quenched 
inside a GC vial, with equal standard and reaction solutions. This method however proved not 
to have the desired effect.  
The yields were, on the contrary, always consistent and as expected. Seen as they 
measure the percentage of benzene that is actually converted to the desired product, phenol, 
it is a more than adequate measure. These had correspondent values to the previous ones and 
so they are a good measure to work with in terms of interaction of the catalyst with benzene. 
The solution encountered from there on was to present results in terms of yields. 
In future works it would be of interest to see how the reaction acts under a pressurized 
environment, and if it has a significant effect on the reaction yield. The use of molecular 
oxygen would not be advisable in face of the same experimental conditions with a more 
reactive compound than benzene.  
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A higher wt.% of H2O2 to discover if an even greater reduction of the water content that 
could make a significant impact on the reaction would be advisable. If possible, in future 
work, a higher temperature than 50 ºC could also be tried to maximize the catalytic influence 
without catalytic disintegration.  
 
Also regarding future work, maybe higher pressures could be tried in the epoxidation 
reaction. Perhaps at a higher pressure the barrier energy barrier is broken between the 
oxygen and the iron catalyst and the epoxidation occurs. Unfortunately, the experimental 
setup initially chosen did not allow higher pressures to be tried due to a pressure limit in the 
connecting tubes and also due to the time limit for this project. Perhaps this could be 
resolved with a more resistant experimental setup. A possible alternative to be tried is the 
use of acetone instead of acetonitrile as a solvent, given its reactivity with iron, which could 
interact better in the gas presence. 
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Annex 1 
In Annex 1 it is described the supporting information deemed necessary regarding 
materials and methods used in the course of the experimental work.  
1.1. Analytical Methods 
 
GC-FID measurements were made in a Varian CP-3800 chromatograph equipped with a 
flame ionization detector and an Optima Waxplus column (FID; 0.50 µ; 30 m·0.32 mm).  
 
1.2. Catalytic Hydroxylation of Benzene by an iron-NHC complex 
 
Materials 
The chemicals used in the experiments were purchased from commercial suppliers and 
used directly, without any additional purification that is not duly noted.  
Acetonitrile (HPLC grade), H2O2 (30 wt.% in H2O; non-stabilized and 50 wt.% in H2O), 
triphenulphosphine (99%), benzene (HPLC grade), manganese oxide (MnO2 88%), toluene (for 
analysis, 99%), p-xylene (for analysis, 99%) and bromoanisole (for analysis, 99%) were acquired 
from Acros Organics.  
All the glass material (snappy vials were the reactions took place, Pasteur pipettes 
used in filtration, GC vials for analysis) and other materials (Pasteur pipettes rubber bulbs 
used in filtration, stirrers inside the reaction, magnetic stirrer, GC vial caps) and were given 
by the faculty staff upon arrival, by request or acquired in the faculty chemical store. 
Complex 1 was synthesized according to the procedure in the referenced literature [43]. 
 
1.3. Epoxidation of cis-cyclooctene with a gaseous oxidizing agent 
 
Materials 
The chemicals used in the experiments were purchased from commercial suppliers and 
used directly, without any additional purification if not duly noted.  
Acetonitrile (HPLC grade), cis-cyclooctene (HPLC grade), n-Hexane (for analysis, 99%) 
and p-xylene (for analysis, 99%) were acquired from Acros Organics. The molecular oxygen 
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used was obtained through a pressurized oxygen bottle incorporated in a closed circuit, which 
was established as can be seen in Fig. 16 and 17. 
 
 
Figure 16. Fischer Porter Bottle inside the oil bath at 50 ºC under pressure.  
 
Figure 17. Closed circuit consisting of the reaction inside the Fischer Porter Bottle, pump and oxygen bottle.  
 
All the glass material (vials, Pasteur pipettes, GC vials) and other materials (Pasteur 
pipettes rubber bulbs, stirrers, magnetic stirrer, GC vial caps) and were given by the faculty 
staff upon arrival or by request. Complex 1 was synthesized according to the procedure in the 
referenced literature [43].
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Annex 2 
Calibrations 
In the course of the experimental work accomplished three calibrations were 
necessary to obtain the results shown in the technical description. These calibrations are 
external calibrations, which have into account a standard solution made upon the calibration 
that is used in all of the samples prepared. When the standard solution is finished, a new 
calibration has to be done.  
The quantification of results was then made with the help of the analytic method GC-
FID and by comparison between the counts of standard and counts of reagent and product 
measured. An initial method was developed with the help of a previously developed method, 
in order to facilitate the initial operation of the machine. With this first method, a series of 
parameters were tuned to optimize the parameters. These parameters involved gas flow 
through the column, temperature scheme, time events table, slip ratio, deepness of the 
syringe in the sample, and others.  
The method can always be edited in order to optimize the analysis peaks. In this 
process, the parameters are changed and the peaks resulting of a previously prepared sample 
are analysed. The eligible characteristics for a good peak are clear separation between the 
different peaks, absence of tails in the peaks, and some narrowness. An ideal analysis 
comprehends these features and is a compromise between the narrowness of the peak and 
the integration of the area by the GC-FID software. Following are the results of the 
calibrations used to analyse the experimental results and the respective concentration 
window that they can be used with desirable and trustworthy results. Concerning the 
treatment of results, the process used was visualizing the area results given from the 
software and writing them in an excel sheet. Knowing the initial quantity of reagents included 
in the reaction, volume of the reaction, the substrate/standard ratio areas and the 
parameters of the calibration curve one can calculate the moles of the different compounds 
to be analysed and qualitative results, such as the conversion, yield or selectivity, through 
equations 1, 2 and 3. The substrates analysed in the different stages of the experimental 
work were benzene and cis-cyclooctene. 
 
𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 = 1 −
 𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑎𝑡 𝑡ℎ𝑒 𝑒𝑛𝑑 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 
𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑎𝑡 𝑡ℎ𝑒 𝑏𝑒𝑔𝑔𝑖𝑛𝑖𝑛𝑔 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛
   (1) 
𝑌𝑖𝑒𝑙𝑑 =
 𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑎𝑡 𝑡ℎ𝑒 𝑒𝑛𝑑 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 
𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑎𝑡 𝑡ℎ𝑒 𝑏𝑒𝑔𝑔𝑖𝑛𝑖𝑛𝑔 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛
    (2) 
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𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
 𝑌𝑖𝑒𝑙𝑑 
𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛
     (3) 
In all the calibrations 60 samples were taken with 2 injections each and the average of 
the values for each concentration was taken into account in the final curve. To prepare these 
solutions three initial solutions with 50 ml were prepared, each with 1 M concentration. In 
each of these solutions 500 mol of each substrate were used (benzene and phenol). Knowing 
that benzene possesses a molar mass of 78 g/mol and a density of 0,8765 g/cm3 and phenol 
94 g/mol the volume of benzene and mass of phenol to be included in the designated solution 
volume were calculated and the initial solution prepared. From this solution, a designated 
volume was taken and diluted into 10 different solutions with ten different concentrations 
(10, 100, 200, 300, 400, 500, 600, 700, 800, 900 mM). This procedure was repeated two more 
times with a different original solution. After preparing the 10 solutions, 0.5 ml of each one 
was added to 0.5 ml of standard solution in a GC vial, named and closed with a cap to prevent 
evaporation and to analyze. In annex 2.1., 2.2. and 2.3. were made available the calibration 
curves for benzene and phenol at the three different calibrations (Fig. 18 to 23).  
Regarding the calibration and method of the second stage of the experimental work, 
the epoxidation of cis-cyclooctene the calibration step was not necessary because it was 
already done by a member of the research group in the development of previous work. This 
calibration was an internal calibration that in the results presents the quantity of substrates 
and not only the areas measured. The method and standard solution were also previously 
made and were made available.  
Annex 2.1.  First calibration 
 
Figure 18. Initial curve calibration for Benzene analysis. 
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Figure 19. Initial curve calibration for Phenol analysis. 
 
Annex 2.2.  Second calibration 
 
 
Figure 20. Initial curve calibration for Benzene analysis. 
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Figure 21. Initial curve calibration for Phenol analysis. 
 
Annex 2.3.  Third calibration 
 
 
Figure 22. Initial curve calibration for Benzene analysis. 
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Figure 23. Initial curve calibration for Phenol analysis. 
 
In all the calibration curves presented are included three points that are not part of 
the curve (a circle, triangle and cross). These represent samples taken with a given known 
concentration to confirm the validity of the calibration curve in each time. These points 
correspond to the concentrations of 170 mM (0.17 µM), 340 mM (0.34 µM) and 560 mM (0.56 
µM). In order to consider any calibration valid, it was imposed an R2 minimum of 0.99, a 
parameter that all of them fulfilled. 
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Annex 3 
The purpose of this annex is to make available an example of each of the quantitative 
results displayed above in the body of the thesis, under the technical description. Not all of 
the data is presented due to extension of the results, but only an example per each different 
experience made. The provided outcomes were made available by the software in the GC-
analysis.  
3.1. Catalytic Hydroxylation of Benzene by an iron-NHC complex 
Different amounts of catalyst 
The results in Tab. 1 were given by the areas in Tab. 2, calculated by the GC 
software. The quantities are presented in moles of the compounds.  
Oxidizing agent experiments 
In Fig. 8 and Fig. 9 are shown the conversions and yields obtained for the different 
equivalents of oxidizing agent. Those charts were obtained by the different areas that are 
available in Tab. 3. The equivalents column correspond to the equivalents of H2O2 that were 
pipetted into the reaction.  
Varying amounts of catalyst, hydrogen peroxide and time 
In Tab. 4 is made accessible the results for the varying amounts of catalyst, hydrogen 
peroxide and time. Due to the extent of the data, a single value of catalyst was chosen (1 mg) 
and all of the volumes for that quantity are presented; But only a few of the remaining 
quantitates experimented (2.5 mg, 5 mg and 10 mg) are presented for comparison in 
example.  
Temperature experiments 
             It will be presented in Tab. 5 the data for the chart presented in Fig. 13, regarding 
the reaction development at 100 equivalents of H2O2 with time. This data was chosen to 
present because it is the temperature at which the reaction progression can be better 
visualized.  
3.2. Epoxidation in catalytic reactions with oxidizing gaseous compounds 
The results of this epoxidation were not favourable see as the yield obtained was close 
to zero; the counts of the epoxide area were below the limit acceptable for reliability of the 
GC machine. Therefore the quantity of the epoxide formed cannot be accounted due to its 
closeness to this value. Even if some counts were made, it can be purely due to noise, reason 
why the lowest limit exists.   
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Table 2. Areas obtained by the GC analysis regarding the different quantities of catalyst used.  
Catalyst Sample Compound Quantities Area Catalyst Sample Compound Quantities Area 
10 mg  1 Benzene 0.0535 712811 1,25 mg 1 Benzene 0,0535 279561 
  Bromoanisole 0.05 2962980   Bromoanisole 0.05 1415968 
  P-xilene 0.05 3430671   P-xilene 0.05 2054434 
  Phenol 3.0E-05 49581   Phenol 1.34E-06 3375 
  Total - 7156043   Total - 3753338 
 2 Benzene 0.0535 439254  2 Benzene 0.0535 326729 
  Bromoanisole 0.05 2060884   Bromoanisole 0.05 1539155 
  P-xilene 0.05 2622532   P-xilene 0.05 2142865 
  Phenol 3.5E-05 43624   Phenol 1.56E-06 3333 
  Total - 5166294   Total - 4012082 
 3 Benzene 0.0535 231094  3 Benzene 0.0534665 392799 
  Bromoanisole 0.05 1313664   Bromoanisole 0.05 1715364 
  P-xilene 0.05 1841527   P-xilene 0.05 2288847 
  Phenol 4.0E-05 34635   Phenol 1.39E-06 6349 
  Total - 3420920   Total - 4403359 
 4 Benzene 0.0535 275092  4 Benzene 0.0535 307574 
  Bromoanisole 0.05 1480897   Bromoanisole 0.05 1481404 
  P-xilene 0.05 2015756   P-xilene 0.05 2083380 
  Phenol 3.8E-05 35796   Phenol 2.06E-06 6360 
  Total - 3807541   Total - 3878718 
5 mg  1 Benzene 0.0535 200014 1mg 1 Benzene 0.0534665 253159 
  Bromoanisole 0.05 1173967   Bromoanisole 0.05 1292915 
  P-xilene 0.05 1717670   P-xilene 0.05 1880741 
  Phenol 3.0E-05 24777   Phenol 1.12E-06 5007 
  Total - 3116428   Total - 3431822 
 2 Benzene 0.0535 252900  2 Benzene 0.0535 256693 
  Bromoanisole 0.05 1368154   Bromoanisole 0.05 1293536 
  P-xilene 0.05 1911253   P-xilene 0.05 1869636 
  Phenol 2.7E-05 25949   Phenol 8.48E-07 4770 
  Total - 3558256   Total - 3424635 
 3 Benzene 0.0535 262687  3 Benzene 0.0535 459843 
  Bromoanisole 0.05 1396741   Bromoanisole 0,05 79 
  P-xilene 0.05 1934563   P-xilene 0,05 285 
  Phenol 2.7E-05 25999   Phenol 0.106 11956 
  Total - 3619990   Total - 472163 
 4 Benzene 0.0535 194040  4 Benzene 0.0535 439271 
  Bromoanisole 0.05 1150296   Bromoanisole 0.05 148 
  P-xilene 0.05 1693546   P-xilene 0.05 5 
  Phenol 3.1E-05 25141   Phenol 5.486 11363 
  Total - 3063023   Total - 450787 
2,5 mg 1 Benzene 0.0535 304293 0 mg 1 Benzene 0.0535 303358 
  Bromoanisole 0.05 815568   Bromoanisole 0.05 1422635 
  P-xilene 0.05 1212164   P-xilene 0.05 1985015 
  Phenol 3.6E-05 20959   Phenol 5.21E-06 81 
  Total - 2352984   Total - 3711089 
 2 Benzene 0.0535 327705  2 Benzene 0.0534665 262100 
  Bromoanisole 0.05 855976   Bromoanisole 0.05 1320134 
  P-xilene 0.05 1267304   P-xilene 0.05 1900775 
  Phenol 3.6E-05 21506   Phenol 5.30E-06 7 
  Total - 2472491   Total - 3483016 
 3 Benzene 0.0535 212794  3 Benzene 0.0534665 280576 
  Bromoanisole 0.05 1170969   Bromoanisole 0.05 1404816 
  P-xilene 0.05 1718870   P-xilene 0.05 1978691 
  Phenol 1.7E-05 15724   Phenol 5.16E-06 118 
  Total - 3118357   Total - 3664201 
 4 Benzene 0.0535 273105  4 Benzene 0.0535 254159 
  Bromoanisole 0.05 1393209   Bromoanisole 0.05 1329947 
  P-xilene 0.05 1953070   P-xilene 0.05 1901891 
  Phenol 1.4E-05 15341   Phenol 5.14E-06 134 
  Total - 3634725   Total - 3486131 
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Table 3. Areas obtained by the GC analysis regarding the different quantities of H2O2 used in the reaction. 
Equivalents Sample Compound Quantities Area Equivalents Sample Compound Quantities Area 
14 1 Benzene 0.0535 177952 139 1 Benzene 0.0535 183640 
 
 
Bromoanisole 0.05 976751   Bromoanisole 0.05 1068277 
 
 
P-xilene 0.05 1505694   P-xilene 0.05 1635410 
 
 
Phenol 2.30E-05 17926   Phenol 1.35E-06 29653 
 
 
Total - 2678323   Total - 2916980 
 2 Benzene 0.0535 223139  2 Benzene 0.0535 197024 
 
 
Bromoanisole 0.05 1183771   Bromoanisole 0.05 1142625 
 
 
P-xilene 0.05 1771949   P-xilene 0.05 1725696 
 
 
Phenol 2.0E-05 18846   Phenol 1.56E-06 31007 
 
 
Total - 3197705   Total - 3096352 
 3 Benzene 0.0535 230534  3 Benzene 0.0535 182250 
 
 
Bromoanisole 0.05 1233155   Bromoanisole 0.05 1079893 
 
 
P-xilene 0.05 1819490   P-xilene 0.05 1633278 
 
 
Phenol 1.9E-05 18499   Phenol 1.39E-06 29947 
 
 
Total - 3301678   Total - 2925368 
 4 Benzene 0.0535 232427  4 Benzene 0.0535 180571 
 
 
Bromoanisole 0.05 1234687   Bromoanisole 0.05 1069399 
 
 
P-xilene 0.05 1833909   P-xilene 0.05 1621166 
 
 
Phenol 1.8E-05 18406   Phenol 2.05E-06 29781 
 
 
Total - 3319429   Total - 2900917 
27 1 Benzene 0.0535 220873 280 1 Benzene 0.0535 200344 
 
 
Bromoanisole 0.05 1124032   Bromoanisole 0.05 1120523 
 
 
P-xilene 0.05 1675449   P-xilene 0.05 1712445 
 
 
Phenol 3.0E-05 25217   Phenol 1.12E-06 36796 
 
 
Total - 3045571   Total - 3070108 
 2 Benzene 0.0535 221129  2 Benzene 0.0535 203211 
 
 
Bromoanisole 0.05 1116927   Bromoanisole 0.05 1127327 
 
 
P-xilene 0.05 1652813   P-xilene 0.05 1715167 
 
 
Phenol 2.7E-05 23344   Phenol 8.48E-07 36275 
 
 
Total - 3014213   Total - 3081980 
 3 Benzene 0.0535 215043  3 Benzene 0.0535 217017 
 
 
Bromoanisole 0.05 1110051   Bromoanisole 0.05 1197005 
 
 
P-xilene 0.05 1680290   P-xilene 0.05 1826709 
 
 
Phenol 2.7E-05 25878   Phenol 0,101 39388 
 
 
Total - 3031262   Total - 3280119 
 4 Benzene 0.0535 219253  4 Benzene 0.0535 207126 
 
 
Bromoanisole 0.05 1118766   Bromoanisole 0.05 1126790 
 
 
P-xilene 0.05 1678592   P-xilene 0.05 1704530 
 
 
Phenol 3.1E-05 25407   Phenol 5.49 36834 
 
 
Total - 3042018   Total - 3075280 
58 1 Benzene 0.0535 186115 100 1 Benzene 0.0535 184596 
 
 
Bromoanisole 0.05 1097253   Bromoanisole 0.05 1159838 
 
 
P-xilene 0.05 1647875   P-xilene 0.05 1727061 
 
 
Phenol 3.6E-05 26211   Phenol 5.21E-06 28105 
 
 
Total - 2957454   Total - 3099600 
 2 Benzene 0.0535 184204  2 Benzene 0.0535 179127 
 
 
Bromoanisole 0.05 1103041   Bromoanisole 0.05 1126742 
 
 
P-xilene 0.05 1671336   P-xilene 0.05 1680934 
 
 
Phenol 3.6E-05 26867   Phenol 5.30E-06 27971 
 
 
Total - 2985448   Total - 3014774 
 3 Benzene 0.0535 179752  3 Benzene 0.0535 190617 
 
 
Bromoanisole 0.05 1088065   Bromoanisole 0.05 1187367 
 
 
P-xilene 0.05 1654575   P-xilene 0.05 1760428 
 
 
Phenol 1.7E-05 25985   Phenol 5.17E-06 28356 
 
 
Total - 2948377   Total - 3166768 
 4 Benzene 0.0535 183848  4 Benzene 0.0535 191825 
 
 
Bromoanisole 0.05 1102604   Bromoanisole 0.05 1168079 
 
 
P-xilene 0.05 1669889   P-xilene 0.05 1712762 
  
Phenol 1.4E-05 26039   Phenol 5.14E-06 27841 
  Total - 2982380   Total - 3100507 
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Table 4. Areas obtained by the GC analysis regarding different quantities of H2O2 and catalyst. 
Equivalents Sample Compound Quantities Area Equivalents Sample Compound Quantities Area 
1 mg, 7 µL 1 Benzene 0.0535 294423 2,5 mg, 7 µL 1 Benzene 0.0535 293612 
  Toluene 0.05 1365212   Toluene 0.05 1358732 
  P-xilene 0.05 1957440   P-xilene 0.05 1955553 
  Phenol 2.30E-05 3340   Phenol 1.35E-06 7971 
  Total - 3620415   Total - 3615868 
1 mg, 35 µL 2 Benzene 0.0535 300024 2,5 mg,70 
µL 
2 Benzene 0.0535 276904 
  Toluene 0.05 1377249   Toluene 0.05 1446160 
  P-xilene 0.05 1972027   P-xilene 0.05 2084953 
  Phenol 2.0E-05 5687   Phenol 1.56E-06 18201 
  Total - 3654987   Total - 3826218 
1 mg, 70 µL 3 Benzene 0.0535 293345 2,5 mg, 700 
µL 
3 Benzene 0.0535 153961 
  Toluene 0.05 1424496   Toluene 0.05 1059257 
  P-xilene 0.05 2053109   P-xilene 0.05 1528573 
  Phenol 1.9E-05 7520   Phenol 1.39E-06 12893 
  Total - 3778470   Total - 2754684 
1 mg,140 µL 4 Benzene 0.0535 263053 2,5 mg, 
1400 µL 
4 Benzene 0.0535 33995 
  Toluene 0.05 1334373   Toluene 0.05 940551 
  P-xilene 0.05 1912204   P-xilene 0.05 1353144 
  Phenol 1.8E-05 6829   Phenol 2.06E-06 24057 
  Total - 3516459   Total - 2351747 
1 mg, 210 
µL 
1 Benzene 0.0535 272194 5 mg, 7 µL 1 Benzene 0.0535 1091131 
  Toluene 0.05 1343211   Toluene 0.05 3658557 
  P-xilene 0.05 1915530   P-xilene 0.05 4286104 
  Phenol 3.0E-05 4892   Phenol 1.12E-06 20753 
  Total - 3535827   Total - 9056545 
1 mg, 280 
µL 
2 Benzene 0.0535 257028 5 mg, 70 µL 2 Benzene 0.0535 261854 
  Toluene 0.05 1358174   Toluene 0.05 1437573 
  P-xilene 0.05 1980139   P-xilene 0.05 2066375 
  Phenol 2.7E-05 4724   Phenol 8.48E-07 29842 
  Total - 3600065   Total - 3795644 
1 mg, 420  
µL 
3 Benzene 0.0535 391915 5 mg, 700 
µL 
3 Benzene 0.0535 150570 
  Toluene 0.05 2146809   Toluene 0.05 1082898 
  P-xilene 0.05 2912511   P-xilene 0.05 1568767 
  Phenol 2.7E-05 1019   Phenol 0,102 28050 
  Total - 5452254   Total - 2830285 
1 mg, 560 
µL 
4 Benzene 0.0535 249062 5 mg, 1400 
µL 
4 Benzene 0.0535 32143 
  Toluene 0.05 1543642   Toluene 0.05 1136642 
  P-xilene 0.05 2232014   P-xilene 0.05 1653531 
  Phenol 3.1E-05 3987   Phenol 5,486 53092 
  Total - 4028705   Total - 2875408 
1 mg, 700 
µL 
1 Benzene 0.0535 163550 10 mg, 7 µL 1 Benzene 0.0535 290859 
  Toluene 0.05 1073057   Toluene 0.05 1451433 
  P-xilene 0.05 1574771   P-xilene 0.05 2083614 
  Phenol 3.6E-05 4579   Phenol 5.21E-06 16597 
  Total - 2815957   Total - 3842503 
1 mg, 1050  
µL 
2 Benzene 0.0535 81153 10 mg, 70 
µL 
2 Benzene 0.0535 236142 
  Toluene 0.05 1219128   Toluene 0.05 1360541 
  P-xilene 0.05 1819397   P-xilene 0.05 1974817 
  Phenol 3.6E-05 6494   Phenol 5.30E-06 38448 
  Total - 3126172   Total - 3609948 
1 mg, 1225  
µL 
3 Benzene 0.0535 42189 10 mg, 700  
µL 
3 Benzene 0.0535 133440 
  Toluene 0.05 963374   Toluene 0.05 964289 
  P-xilene 0.05 1391592   P-xilene 0.05 1403710 
  Phenol 1.7E-05 6940   Phenol 5.17E-06 44214 
  Total - 2404095   Total - 2545653 
1 mg, 1400  
µL 
4 Benzene 0.0535 30990 10 mg, 1400 
µL 
4 Benzene 0.0535 29506 
  Toluene 0.05 900244   Toluene 0.05 965814 
  P-xilene 0.05 1270716   P-xilene 0.05 1388502 
  Phenol 1.4E-05 8123   Phenol 5.14E-06 88449 
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  Total - 2210073   Total - 2472271 
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Table 5. Areas obtained by the GC analysis regarding the time dependent experiments with 100 equivalents at -
10ºC. 
Equivalents Sample Compound Quantities Area 
30 seconds 1 Benzene 0.0535 230170 
  Toluene 0.05 1224978 
  P-xilene 0.05 1880081 
  Phenol 2.30E-05 21 
  Total - 3335250 
1 minute 2 Benzene 0.0535 187244 
  Toluene 0.05 952937 
  P-xilene 0.05 1470054 
  Phenol 2.0E-05 7 
  Total - 2610242 
2 minutes 3 Benzene 0.0535 371203 
  Toluene 0.05 1673744 
  P-xilene 0.05 2310085 
  Phenol 1.9E-05 6 
  Total - 4355038 
5 minutes 1 Benzene 0.0535 368483 
  Toluene 0.05 1665097 
  P-xilene 0.05 2299504 
  Phenol 3.0E-05 632 
  Total - 4333716 
8 minutes 2 Benzene 0.0535 280875 
  Toluene 0.05 1278104 
  P-xilene 0.05 1860256 
  Phenol 2.7E-05 936 
  Total - 3420171 
10 minutes 3 Benzene 0.0535 355710 
  Toluene 0.05 1538830 
  P-xilene 0.05 2153381 
  Phenol 2.7E-05 3434 
  Total - 4051355 
20 minutes 1 Benzene 0.0535 318070 
  Toluene 0.05 1371324 
  P-xilene 0.05 1988368 
  Phenol 3.6E-05 3088 
  Total - 3680850 
30 minutes 2 Benzene 0.0535 368320 
  Toluene 0.05 1549780 
  P-xilene 0.05 2234590 
  Phenol 3.6E-05 3956 
  Total - 4156646 
1 hour 3 Benzene 0.0535 276294 
  Toluene 0.05 1329629 
  P-xilene 0.05 1951084 
  Phenol 1.7E-05 8817 
  Total - 3565824 
2 hours 4 Benzene 0.0535 266131 
  Toluene 0.05 1233632 
  P-xilene 0.05 1789565 
  Phenol 1.4E-05 11651 
  Total - 3300979 
   3 hours 1 Benzene 0.0535 271722 
  Toluene 0.05 1316241 
  P-xilene 0.05 1931615 
  Phenol 1.35E-06 10741 
  Total - 3530319 
1 day 2 Benzene 0.0535 299531 
  Toluene 0.05 1581195 
  P-xilene 0.05 2351174 
  Phenol 1.56E-06 16508 
  Total - 4248408 
2 days 3 Benzene 0.0535 312720 
  Toluene 0.05 1463418 
  P-xilene 0.05 2170208 
  Phenol 1.39E-06 18296 
  Total - 3964642 
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Annex 4 
Calculations examples 
 
1. Standard solutions 
 
Three standards were required to prepare in the course of experiments.  
 
Standard solutions 1 and 2 (containing p-xilene and bromoanisole), each in a 100 ml 
volumetric balloon.  
 
VSolution=100 ml      VSolution=100 ml 
M (C7H7BrO, 98%) = 187.04 g/mol    M (C8H10, 99%) = 106.17 g/mol 
Concentration (C7H7BrO) = 500 mM   Concentration (C8H10) = 500 mM  
ρ (C7H7BrO) = 1.494 g/cm
3 at 25 ºC   ρ (C8H10) = 0.861 g/cm
3 at 25 ºC 
 
𝑚𝑜𝑙 = 𝐶oncentration (
mol
L
) ∙ 𝑉(𝐿) = 0.05 = 𝑚𝑜𝑙 (𝐶8𝐻10)   (4) 
𝑚 (𝑔) = 𝑚𝑜𝑙 ∙ 𝑀 (
𝑔
𝑚𝑜𝑙
)      (5) 
𝑉(𝑚𝑙) =
𝑚 (𝑔)
𝜌 (𝑔/𝑐𝑚3)
      (6) 
With equations (5) and (6), the volumes of p-xilene and bromoanisole were calculated: 
6.25 ml and 6.17 ml and the volume was completed until 100 ml with MeCN.  
 
Standard solution 3 (containing p-xilene and toluene) in a 1 L volumetric balloon. 
 
VSolution=1 L      VSolution=1 L  
M (C8H10, 99%) = 106.17 g/mol   M (C7H8) = 187.04 g/mol  
Concentration (C8H10) = 500 mM   Concentration (C7H8) = 500 mM 
ρ (C8H10) = 0.861 g/cm
3 at 25 ºC   ρ (C7H8) = 0.8669 g/cm
3 at 25 ºC 
   
The same method as in the standard solutions 1 and 2 was used in standard solution 3. 
Using equations (4), (5) and (6) the number of moles was determined (0.5 mol of each 
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component) and then the mass and volume, which was 53.14 ml of toluene and 61.30 ml of p-
xylene.  
2. Calibrations  
The three initial solutions with 50 ml, each with 1 M (1000 mM) concentration and 500 
mmol of each substrate (benzene and phenol) were prepared with the following calculations: 
M (C6H6) = 78 g/mol     M (C6H6OH) = 94 g/mol 
ρ (C6H6) = 0.8765 g/cm
3 at 25 ºC  ρ (C6H6OH) = 0.8765 g/cm
3 at 25 ºC 
mol (𝐶6𝐻6)=0.05     mol (𝐶6𝐻6𝑂𝐻)=0.05  
𝑚 (𝐶6𝐻6𝑂𝐻)(𝑔) = 𝑚𝑜𝑙(𝐶6𝐻6𝑂𝐻) ∙ 𝑀(𝐶6𝐻6𝑂𝐻) (
𝑔
𝑚𝑜𝑙
)  (7) 
Through equations (5), (6) and (7) the volume of benzene to be pipetted and mass of 
phenol to be weighted were 4.45 ml and 4.70 g. Later it was decided to use a smaller solution 
of 25 ml, and so the volume of benzene and mass of phenol were also reduced to half. This 
solution is designated as main solution or MS. The 10 solutions prepared from this initial vial 
had to be diluted to concentrations of 10, 100, 200, 300, 400, 500, 600, 700, 800, 900 mM. 
The total volume of each solution was 2.5 ml.  
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑀) =
𝑥 𝑚𝑙 𝑜𝑓 𝑀𝑆
2,5 𝑚𝑙
    (8) 
Using equation (7), and for the most concentrated solution (900 mM), the volume of MS to be 
pipetted is 2.25 ml and 0.25 ml of MeCN. Later on 0,5ml of this solution is added to the GC 
vial together with 0.5 ml of standard. The volumes used for each solution are presented in 
Tab. 6.  
Table 6. Volumes of MS and MeCN used in the preparation of the designated concentrations for calibration. 
Concentration (mM) Volume of MS Volume of MeCN 
900 2.25 0.25 
800 2 0.5 
700 1.75 0.75 
600 1.50 1 
500 1.25 1.25 
400 1 1.5 
300 0.75 1.75 
200 0,5 2 
100 0.5 2.25 
10 0.025 2.475 
 
3. Intermediate calculations 
These calculations were done in the processing of the area counts given by the GC-FID 
software. With the help of the calibration curve’s parameters, and knowing that in 
this curve x is the concentration and y the ratio between the substrate’s area and the 
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standards area, the concentration is known for each substrate. Depending on the 
volume of the reaction, and with equation (4) the number of moles is known and 
different results can be discovered by equations (1), (2) and (3).
 
